Paclitaxel (Taxol) is currently used as the front-line chemotherapeutic agent for several cancers including ovarian carcinoma; however, the drug frequently induces drug resistance through multiple mechanisms. The new strategy of using natural compounds in combination therapies is highly attractive because those compounds may enhance the efficacy of chemotherapy. In this study, we found that tectorigenin, an isoflavonoid isolated from flower of Pueraria thunbergiana, enhanced the growth-inhibitory effect of paclitaxel in paclitaxel-resistant ovarian cancer cells (MPSC1   TR   , A2780 TR and SKOV3 TR ) as well as their naive counterparts. The combination of tectorigenin with paclitaxel resulted in a synergistic apoptosis compared with either agent alone through activation of caspases-3, -8 and -9. Treatment with tectorigenin inhibited the nuclear translocation of NFκB and the expression of NFκB-dependent genes such as FLIP, XIAP, Bcl-2, Bcl-xL and COX-2, which are known to be associated with chemoresistance. In addition, the tectorigeninpaclitaxel combination inhibited the phosphorylation of IκB and IKK and the activation of Akt in paclitaxel-resistant cancer cells. Moreover, tectorigenin-paclitaxel-induced cell growth inhibition was enhanced by pretreatment with the Akt inhibitor LY294002 or overexpression of the dominant negative Akt (Akt-DN), but reduced by overexpression of constitutively activated Akt (AktMyr). Furthermore, we found that Akt-Myr, at least in part, reversed tectorigenin-paclitaxel-induced nuclear translocation of NFκB and the phosphorylation of IκB and IKK. These data suggest that tectorigenin could sensitize paclitaxel-resistant human ovarian cancer cells through inactivation of the Akt/IKK/IκB/NFκB signaling pathway, and promise a new intervention to chemosensitize paclitaxel-induced cytotoxicity in ovarian cancer.
Introduction
Ovarian cancer is the sixth most common cancer and the fifth leading cause of cancer-related deaths among women in developed countries. It affects ~204 000 women a year worldwide and is responsible for about 125 000 deaths (1) . Patients in most cases present in stage III or IV with a 5-year survival of around 28 and 16%, respectively, whereas the 5-year survival rate is up to 80% for patients in stage I. Standard management for advanced ovarian cancer is cytoreductive surgery followed by paclitaxel-/platinum-based chemotherapy (2) . Although ovarian cancer is considered a chemosensitive neoplasm with 80% of the tumors responding to conventional treatment in the early stage, patients with advanced or more aggressive tumors often experience chemoresistance and recurrence (3) . Therefore, treatment failure is often attributed to primary or acquired resistance to chemotherapeutic agents, which remains a clinically formidable problem in managing most cancer patients (4) . In this regard, overcoming chemoresistance is urgent for the treatment and survival of the patients.
Drug resistance is described as a multifactorial phenomenon, involving the expression of defense factors and/or detoxification mechanisms, and alterations in drug-target interactions (e.g. target accessibility, target sensitivity, persistence of DNA cleavage and genomic localization of DNA damage) and the cellular response to specific cytotoxic lesions (5) . However, recent studies on the chemoresistance of ovarian cancer suggest that a decreased susceptibility of the cancer to apoptosis is strongly associated with drug resistance (6) . Bcl-2 and Bcl-xL are antiapoptotic Bcl-2 family proteins that prevent the formation of the mitochondrial apoptosis-induced channel (MAC), through which cytochrome c is released to the cytosol, triggering the intrinsic mitochondrial apoptosis pathway. The FLICE inhibitory protein (FLIP) and the X-linked inhibitor of apoptosis protein (XIAP) inhibit apoptosis by modulating deathsignaling pathways at the death receptor/caspase-8 and the cytochrome c/apaf-1/caspase-9 pathway, respectively. Upregulation of the antiapoptotic protein Bcl-2 and/or downregulation of proapoptotic Bax have been correlated with increased chemoresistance (7) (8) (9) . In addition, inhibitors of caspases such as FLIP and XIAP were implicated as determinants of the chemosensitivity of ovarian cancer (10) (11) (12) . Thus, increasing the susceptibility of the cancer to apoptosis is a potential strategy to overcome drug resistance in ovarian cancer cells.
Phytoestrogens, a family of plant-derived polyphenolic compounds with a similar structure to endogenous estrogens, have been demonstrated to have various biological activities via complex mechanisms (13) . Recently, phytoestrogens have been intensely investigated in the prevention and treatment of several hormone responsive cancers, including ovarian, breast and prostate cancer (14) . In comparison with extensive literature evaluating the role of phytoestrogen on breast cancers, its role on ovarian cancer were less considered and investigated (15) (16) (17) (18) . Recent studies that have examined the link between phytoestrogen consumption and epithelial ovarian cancer risk tended to suggest an inverse association (19) . In vitro studies using ovarian cancer cell lines, phytoestrogens showed anticancer activities by inducing apoptosis, autophagocytosis and cell cycle arrest (20) (21) (22) (23) . In addition, a phytoestrogen genistein and its synthetic derivative sensitized chemoresistant ovarian cancer cells to conventional ovarian cancer drugs such as cisplatin (24) (25) (26) . However, the exact molecular mechanisms of action of the phytoestrogens in ovarian cancer have not been fully elucidated. Tectorigenin, a type of O-methylated isoflavone, has been demonstrated to possess estrogenic (27) , antiinflammatory (28, 29) and antitumor activities (30, 31) . A study to examine the estrogenic and antiproliferative activities of several herbs commonly used in Korean traditional medicine showed that Pueraria flower extract with tectorigenin as a major bioactive isoflavonoid had the highest estrogenic relative potency and potent cytotoxic effect against ovarian cancer cells (27, 32) . Tectorigenin inhibited the proliferation of hormone responsive prostate cancer cells, causing G 1 arrest the induction of p21 (WAF1) or p27kip1 protein expression, and downregulation of PDEF, PSA, hTERT, and IGF-1 receptor gene expression (33, 31) . On the other hand, tectorigenin along with genistein showed estrogenic activities and regulated the proliferation of MCF-7 and T47D human breast cancer cells (33) . These observations suggested that the phytoestrogen tectorigenin may have some effects in hormone responsive ovarian cancers.
In this study, we investigated the effect of tectorigenin alone and in combination with paclitaxel on the growth of ovarian cancer cells. We found that tectorigenin alone does not induce potent cell death, but significantly sensitize human ovarian cancer cells to paclitaxelinduced cell death. We further investigated the cellular mechanisms underlying the sensitizing effect of tectorigenin on paclitaxel-induced cell death.
Materials and methods

Materials
The tectorigenin used in this study was isolated from the flower of Pueraria thunbergiana BENTH., as reported previously (34) . Paclitaxel was purchased from A.G. Scientific, Inc (San Diego, CA). The RPMI 1640 medium, fetal bovine serum, penicillin and streptomycin were obtained from Life Technologies Inc (Grand Island, NY). The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide (MTT), dimethyl sulfoxide (DMSO), RNase A, leupeptin, aprotinin, phenylmethylsulfonylfluoride, Triton X-100 and propidium iodide (PI) were purchased from Sigma-Aldrich Co. (St Louis, MO). The antibodies for anti-Bcl-2, anti-Bcl-xL, anti-FLIP, anti-COX-2, antiAkt and anti-β-actin were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). The antibodies for the anti-XIAP, anti-caspase-3 and anti-caspase-8 were purchased from BD Biosciences, Pharmingen (San Diego, CA). The antibodies for anti-caspase-9 and anti-phospho-Akt were purchased from Cell Signaling Technology (Beverly, MA). The pcDNA3-Akt-Myr and pcDNA3-Akt-DN were obtained from Addgene (Cambridge, MA). The z-VAD-fmk, z-DEVD-fmk, PI3K/Akt inhibitor LY294002, IκB inhibitor Bay11-7082, IKK inhibitor BMS-34551 and proteasome inhibitor MG132 were obtained from Calbiochem (San Diego, CA). TR and A2780 TR ) (37) were generated by the negative selection of cells in the presence of paclitaxel. The IOSE cell lines were generated by transfecting ovarian surface epithelial cells with SV40-T antigen and generously provided by Dr N. Auersperg (University of British Columbia, Vancouver, British Columbia, Canada) and Dr A. Godwin (Fox Chase Cancer Center, Philadelphia, PA) (37) . The cells were cultured in RPMI 1640 supplemented with 5% fetal bovine serum, penicillin (100 U/ ml) and streptomycin sulfate (100 µg/ml) (Life Technologies, Grand Island, NY). Tectorigenin and paclitaxel were dissolved in DMSO. Further dilutions were performed in cell culture media. DMSO was used as a vehicle control throughout the study.
Cell cultures
MTT assay
Cytotoxicity was assessed using the MTT assay. Briefly, the cells (5 × 10 4 ) were seeded in each well containing 50 μl of RPMI medium in a 96-well plate. After 24 h, various concentrations of paclitaxel and/or tectorigenin were added. After 48 h, 50 μl of MTT (5 mg/ml stock solution) was added, and the plates were incubated for an additional 4 h. The medium was discarded, and the formazan blue that formed in the cells was dissolved in 50 μl of DMSO. The optical density was measured at 540 nm using a microplate spectrophotometer (SpectraMax; Molecular Devices, Sunnyvale, CA).
Propidium iodide staining for cell cycle analysis
On the day of collection, the cells were harvested and washed twice with icecold phosphate buffered saline (PBS). The cells were fixed and permeabilized with 70% ice-cold ethanol at 4°C for 1 h. The cells were washed once with PBS and resuspended in a staining solution containing PI (50 μl/ml) and RNase A (250 μg/ml). The cell suspensions were incubated for 30 min at room temperature followed by fluorescence-activated cell sorting cater-plus flow cytometry (Becton Dickinson Co., Germany) using 10,000 cells per each group.
Annexin V and PI double staining for apoptosis analysis
During apoptosis, the exposure of phosphatidylserine on the exterior surface of the plasma membrane can be detected by the binding of fluoresceinated annexin V (annexin V-fluorescein isothiocyanate). This assay is combined with an analysis of the exclusion of the plasma membrane integrity probe PI. For annexin V and PI double staining, cells were suspended in 100 μl of binding buffer (10 mM N-2-hydroxyethylpiperazine-N′-2-ethanesulfonic acid/ NaOH, 140 mM NaCl, 2.5 mM CaCl2, pH 7.4) and stained with 5 μl of fluorescein isothiocyanate-conjugated annexin V and 5 μl of PI (50 μg/ml). The mixture was incubated for 15 min at room temperature in the dark, followed by fluorescence-activated cell sorting cater-plus flow cytometry analysis.
Immunoblot assay
The cells were washed with ice-cold PBS and extracted in protein lysis buffer (Intron, South Korea) and the protein concentration was determined by the Bradford assay. The samples of cell lysate were mixed with an equal volume of 5× sodium dodecyl sulfate sample buffer, boiled for 4 min and then separated on 10-12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis gels. After electrophoresis, the proteins were transferred to polyvinylidene difluoride membranes. The membrane was immunoblotted using specific primary antibodies at 4°C overnight. After washing, the signals were detected with horseradish peroxidase-conjugated secondary antibody for 1 h, and visualized using the ECL chemiluminescent system (Amersham Pharmacia Biotech, Oakville, Ontario, Canada). Following three washes in Tris-buffered saline-T, immunopositive bands were visualized by enhanced chemiluminescence and exposed to Image Quant LAS-4000 (Fujifilm Life Science, Japan).
Nuclear extraction
The cells were washed twice with ice-cold PBS, then scraped onto 1 ml of cold PBS and pelleted by centrifugation. The cell pellets were resuspended in hypotonic buffer [10 mM N-2-hydroxyethylpiperazine-N′-2-ethanesulfonic acid (pH 7.9), 1.5 mM MgCl 2 , 10 mM KCl, 0.2 mM phenylmethylsulfonylfluoride, 0.5 mM dithiothreitol and 10 μg/ml aprotinin] and incubated on ice for 15 min. Cells were then lysed by adding 0.1% Nonidet P-40 and vortexed vigorously for 10 s. Nuclei were pelleted by centrifugation at 12,000g for 1 min at 4°C and resuspended in high salt buffer [20 mM N-2-hydroxyethylpiperazine-N′-2-ethanesulfonic acid (pH 7.9), 25% glycerol, 400 mM KCl, 1.5 mM MgCl 2 , 0.2 mM ethylenediaminetetraacetic acid, 0.5 mM dithiothreitol, 1 mM NaF, 1 mM sodium orthovanadate].
Transient transfection pcDNA3-Akt-Myr, pcDNA3-Akt-DN or empty vector were transfected by using polyethylenimine (Sigma-Aldrich Co.). Cells were plated in 6-well culture dishes and allowed to attach and grow 24 h before transfection. Each transfection mixture was prepared by mixing up the DNA (1 μg) and polyethylenimine (3 μl) in serum-free Opti-modified Eagle's medium (Invitrogen) and incubating for 15 min at room temperature. The transfection mixture was slowly added to the cells, which were allowed to recover for an additional 24 h before experimental treatments. To evaluate transfection efficiency, cotransfection of the relevant plasmid and the GFP plasmid was performed. The fraction of transfected cells was evaluated using a fluorescent microscope. This transfection method routinely yielded 60-70% efficiency.
Statistical analysis
Statistical analysis was carried out using Student's t-test or one-way analysis of variance, and the level of significance was set at a P value of <0.05. Data are expressed as the mean ± SD.
Results
Tectorigenin enhances the sensitivity of ovarian cancer cells to paclitaxel
Tectorigenin has been demonstrated to inhibit cell growth in prostate cancer and leukemia cells (30, 38) . However, there are no reports on the effect of tectorigenin in ovarian cancer cells. The cytotoxicity of tectorigenin were measured in three pairs of human ovarian cancer cell lines, each pair consisting of a parental line and a stably paclitaxel-resistant subline, and one immortalized ovarian surface epithelial cell line (IOSE-80PC) (Supplementary Table 1 , available at Carcinogenesis Online). The growth inhibitory effect of paclitaxel was markedly reduced in all three paclitaxel-resistant ovarian cancer cells compared with their parental cells. When compared with paclitaxel, the direct cytotoxicity of tectorigenin in the seven cell lines tested (IC50 > 73 μM) was much less than that of paclitaxel. However, the growth inhibitory effect of tectorigenin was more significant in MPSC1 Table 1 and Supplementary Figure 1 are available at Carcinogenesis Online), next, we selected two tectorigenin doses (25 and 100 μM) and combined them with varying concentrations of paclitaxel (0.5, 5, 50 and 500 nM) to test whether this combination can enhance the growth inhibition of ovarian cancer cells. As shown in Figure 1A , the addition of tectorigenin significantly increased the potency of paclitaxel in all six ovarian cancer cell lines, but not in IOSE-80PC cells. We used the combination index method of Chou and Talalay (39) to determine whether the observed interactions between tectorigenin and paclitaxel in cancer cells are additive or synergistic. In Figure 1B , we calculated the values of the combination index (CI), a quantitative measure of drug interaction. The CI for every tectorigenin-paclitaxel combination was lower than 1, suggesting the synergistic effect of the combination.
Combined treatment with paclitaxel and tectorigenin induces apoptosis
In order to determine whether the growth inhibitory effect of the tectorigenin-paclitaxel combination was associated with the induction of cell cycle arrest and/or apoptosis, the distribution of cells in the different phases of the cell cycle and the externalization of phosphatidylserine were analyzed in two chemoresistant ovarian cancer cells (MPSC TR and A2780 TR ) using flow cytometry. As shown in Figure 2 and Supplementary  Figure 2 , available at Carcinogenesis Online, the combination of paclitaxel and tectorigenin was associated with a significant increase in the sub-G 1 phase in both paclitaxel-resistant cell lines. However, the combination failed to induce cell cycle arrest, one of the mechanisms of growth inhibition. Moreover, the combination of tectorigenin and paclitaxel significantly increased the population of annexin V-positive cells (apoptotic cells) in the right quadrants of the flow cytometry graphs ( Figure 3A) . These results indicated that the combination-induced growth inhibitory effect is mediated by the induction of apoptosis rather than cell cycle arrest in paclitaxel-resistant ovarian cancer cells.
Since it has been suggested that apoptosis requires the activation of caspases in many cases, we further investigated the involvement of caspases. As shown in Figure 3B , treatment with tectorigenin and paclitaxel significantly activated caspase-3, -9 and -8 in MPSC1
TR and A2780 TR cells, as indicated by a decrease in the density of their proform. Pretreatment with z-VAD-fmk, a broad caspase inhibitor, and z-DEVD-fmk, a caspase-3 inhibitor, significantly reversed the tectorigenin-and paclitaxel-induced cell death ( Figure 3C ), suggesting the involvement of caspase signaling in the combination-treatmentinduced apoptosis in paclitaxel-resistant ovarian cancer cells.
Nuclear factor-κB signaling pathway is inhibited by the tectorigenin-paclitaxel combination
Because flavonoids like tectorigenin exert an anticancer activity through negative regulation of the nuclear factor-κB (NFκB) pathway (40, 41) , which is implicated in the chemoresistance of ovarian cancer (42), we investigated the potential attenuation of this pathway by the tectorigenin-paclitaxel treatment. As shown in Figure 4A , treatment with tectorigenin-paclitaxel significantly suppressed the nuclear translocation of NFκB in MPSC1 TR and A2780 TR cells compared with untreated and singly treated controls. The expression levels of the NFκB-dependent antiapoptotic or survival genes COX-2, Bcl-2, Bcl-xL, FLIP and XIAP were also elucidated. Western blot analysis revealed that the combination treatment significantly decreased the protein expression of those genes ( Figure 4B ). These data suggest that tectorigenin may synergize with paclitaxel by acting to inhibit NFκB activation and cause a marked decrease in the NFκB-dependent genes, shifting the balance toward cell death and restoring the paclitaxel-induced apoptotic response in resistant cells. We next examined whether the tectorigenin-paclitaxel combination induces the phosphorylation of IκB and IκB kinase (IKK) ( Figure 4C ). Paclitaxel alone slightly increased the phosphorylation of IκB and IKK, whereas treatment with tectorigenin markedly decreased it. Furthermore, tectorigenin in combination with paclitaxel strongly suppressed the Tectorigenin as a chemosensitizer for ovarian cancer phosphorylation of IκB and IKK at 6 h. Collectively, these results indicate that tectorigenin-paclitaxel inhibits the phosphorylation of IKK and IκB as well as NFκB activation, followed by a decrease in NFκB target gene expression.
Akt signaling pathway is involved in the combination-induced cell death
Because several studies suggested that Akt, one of the upstream regulators of NFκB signaling, is involved in paclitaxel-induced chemoresistance in ovarian cancer cells (43), we investigated the involvement of the phosphoinositide 3-kinase (PI3K)/Akt pathway in the tectorigenin-paclitaxel combination-caused cell growth inhibition and decreased NFκB activation. Pretreatment with the PI3K/Akt inhibitor LY294001 followed by the tectorigenin and paclitaxel combination treatment was associated with a dramatic increase in cell death, suggesting that Akt may play a role in combination-induced proapoptotic signaling ( Figure 5A ). In agreement with some previous findings (9,44), paclitaxel induced a slight increase in the phosphorylation of Akt in paclitaxel-resistant ovarian cancer cells ( Figure 5B ). We found that tectorigenin markedly inhibited the activation of Akt in a dosedependent manner. Paclitaxel in combination with tectorigenin significantly inhibited the activation of Akt, whereas the total Akt level remained unaffected by all treatment conditions, indicating a possible role for Akt in the synergistic effect of paclitaxel and tectorigenin.
We next determined whether the modulation of the Akt signaling pathway is involved in combination-induced apoptosis in the resistant cells. Cells were transfected with the constitutively active form of Akt (Akt-Myr) or the dominant negative form of Akt (Akt-DN) and the activation and expression of Akt were confirmed by western blot analysis ( Figure 6A ). The inhibition of Akt by Akt-DN transfection and/or tectorigenin (25 μM) and western blot analysis was performed. Procaspase-3, -8, and -9 protein levels were normalized to β-actin. Representative data from one of the three separate experiments are shown. (C) To confirm the involvement of caspase signaling in combination-induced cell death, MTT assays were performed using the broad-spectrum inhibitor z-VAD-fmk (50 µM) and caspase-3-specific inhibitor z-DEVD-fmk (50 µM). Cells were pretreated with inhibitor for 30 min before being exposed to costunolide. The data are representative of three different experiments and are shown as mean ± SD (n = 3).
# P < 0.05 compared with the control group and *P < 0.05 compared with the combination group.
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resulted in increased cell growth inhibition in tectorigenin-treated cells. Moreover, Akt-Myr significantly inhibited tectorigenin-paclitaxel-induced apoptosis. These results showed that Akt expression overrode the effect of tectorigenin treatment and prevented the treated cells from undergoing cell death. These data clearly identified Akt as the upstream regulatory factor for tectorigenin augmentation of paclitaxel-induced cytotoxicity and apoptosis. We further investigated whether Akt inhibition by the combination acts downstream or upstream of NFκB inhibition. When Akt was activated by Akt-Myr overexpression, paclitaxel-tectorigenin-induced inhibition of NFκB nuclear translocation ( Figure 6B ) and IKK and IκB phosphorylation were markedly attenuated ( Figure 6C ). These data indicate that the inhibition of NFκB induced by the combination treatment is partly mediated by the inactivation of Akt through the inhibition of IKK and IκB in paclitaxel-resistant ovarian cancer cells.
Discussion
Paclitaxel (Taxol), a well-known microtubule stabilizer, has been used as the front-line chemotherapeutic agent for several types of human carcinomas, including ovarian cancer. However, the drug frequently induces drug resistance. The dose escalation required for overcoming the resistance of cancer cells can lead to severe cytotoxicity in dose-limiting normal tissue. In this regard, developing a therapeutic strategy using dual agents, rather than using single agents, has been evaluated to achieve higher therapeutic efficacy with less toxicity. Recently, natural compounds with high potential and relatively low toxicity have been explored for use in combination with a conventional chemotherapeutic agent. For example, the curry spice curcumin, which is known to have antiinflammatory and chemopreventive activities, has been demonstrated to potentiate the antitumor activity of various chemotherapeutic agents, including taxane and platinum, in a wide range of cancer cells (45, 46) . Triptolide isolated from the Chinese herb, Tripterygium wilfordii, has been shown to enhance platinum-, doxorubicin-, CPT-11-, TNF-, and taxol-induced cytotoxicity in various types of cancer cells (47) (48) (49) (50) (51) . In addition, flavonoids and their synthetic analogs have been intensely investigated in cancer treatment to increase the response to the chemotherapy. For example, the citrus flavonoid tangeretin sensitizes cisplatin-resistant human ovarian cancer cells through downregulation of the PI3K/Akt pathway (52) . Phenoxodiol, a synthetic derivative of the naturally occurring plant isoflavone genistein, has been demonstrated to have direct cytotoxic activity against different cancers. Additionally, phenoxodiol sensitizes chemoresistant ovarian cancer cells to platinum and taxane drugs, as well as gemcitabine and topotecan (53) . The U.S. Food and Drug Administration Tectorigenin as a chemosensitizer for ovarian cancer has granted 'fast track' status to the development of phenoxodiol as a chemosensitizer for the platinum and taxane drugs used in the treatment of recurrent ovarian cancer. The above reports suggest the importance of exploring and improving flavonoid combinations for cancer treatment. Tectorigenin, which can be isolated from various medicinal plants, including P.thunberigiana, P.lobata, Iris tectorum, Belamcanda chinesis and Dalbergia parviflora, has been demonstrated to possess antitumor properties in various cancers, including prostate cancer and leukemia (38, 54, 55) . Despite the anticancer activities of tectorigenin, there have been no reports investigating the effects of tectorigenin on ovarian cancer as a single agent or in an adjuvant approach in combination with a conventional chemotherapeutic agent in any type of cancer cells. In this study, the ability of tectorigenin as a potential chemotherapeutic for ovarian cancer has been explored. Tectorigenin, as a single agent, was found to have very limited cytotoxicity in the ovarian cancer cells tested. However, tectorigenin synergized with paclitaxel to induce apoptosis. Tectoridin (7-O-glycoside of tectorigenin), another isoflavone isolated from P.thunbergiana, failed to induce a significant increase in the potency of paclitaxel (data not shown).
There is increasing evidence that phytoestrogen regulates the growth of estrogen-responsive cancer cells through both estrogen receptor (ER)-dependent or ER-independent signaling mechanism (56) . In addition to breast cancer, ovarian cancer is generally accepted as an estrogen-responsive cancer. Classical ERα is expressed in ~60% of ovarian epithelial tumors, and its level is generally higher than that of benign tumors or normal ovaries(57-60). In addition, a second form of ER (ERβ) has been found in normal ovarian cells or ovarian cancer cells (60) (61) (62) . It is of note that ERα/β ratio is increased in several cancer cells, implying a mechanism that results in ERα overexpression or a selective growth advantage for ERα-positive cells (62) (63) (64) . Indeed, treatment with exogenous estrogens resulted in a growth stimulation of several ER-positive ovarian carcinoma cell lines in vitro (65, 66) . However, ovarian cancer cell lines used in this study were found to express barely detectable levels of ERs and/or estrogen-non-responsive (67) (68) (69) (70) (Supplementary Figure 3 , available at Carcinogenesis Online). This observation implicated that the sensitizing effect of tectorigenin on paclitaxel-induced apoptosis may involve non-estrogen/ER system. The molecular mechanism of paclitaxel resistance is not well characterized, whereas a few mechanisms that are independent of microtubule stabilization have been suggested. Much evidence suggests that NFκB and the PI3K/Akt signaling pathways play a key role in the development of chemoresistance in cancers by regulating the expression of genes important for cell survival, thereby affording protection against apoptosis (42, 43, 71, 72) . For example, several studies demonstrated that paclitaxel induces constitutive NFκB activation and leads to chemoresistance in several human cancer cells (44, 73) . A constitutively active PI3K/Akt pathway renders ovarian carcinoma cells resistant to paclitaxel, an effect that could be reversed by the PI3K/Akt inhibitor LY294002 (74) . Both signaling pathways are known to regulate the expression of prosurvival and antiapoptotic proteins such as cyclin D1, Bcl-2, Bxl-xL and XIAP, which has been implicated in the development of chemoresistance in ovarian cancers (72) . In previous studies, tectorigenin has antiinflammatory activity through negative regulation of NFκB pathway, which is implicated in the chemoresistance of ovarian cancer (24, 75) . Thus, in this study, we investigated the potential attenuation of this pathway by the tectorigenin-paclitaxel treatment. Treatment with tectorigenin inhibited the nuclear translocation of NFκB and the expression of NFκB-dependent genes such as FLIP, XIAP, Bcl-2, Bcl-xL and COX-2, which are known to be associated with chemoresistance. These data suggest that tectorigenin may synergize with paclitaxel by acting to inhibit NFκB activation and cause a marked decrease in the NFκB-dependent genes, shifting the balance toward cell death and restoring the paclitaxel-induced apoptotic response in resistant cells.
One of the important strategies of combination chemotherapy is the additive benefit from the multiple agents with distinct molecular mechanisms and non-overlapping toxicity profiles. For example, strategies to suppress de novo or acquired survival signaling, such as NFκB signaling, are being increasingly explored in combination therapies. NFκB plays a significant role in regulating inducible gene expression in cell proliferation and apoptosis in cancer as well as inflammation (76) (77) (78) . Indeed, NFκB has been implicated in the propagation of ovarian cancer (79) (80) . In addition, accumulating evidence suggests that the NFκB pathway is associated with chemoresistance of cancer (42) . Various chemotherapeutic agents and radiation are known to simulate the NFκB pathway. It has been demonstrated that paclitaxel induces constitutive NFκB activation and leads to chemoresistance in human cancer cells (43, 72) . In this regard, inhibition of the NFκB pathway may represent a novel therapeutic strategy for the treatment of paclitaxel-resistant cancer. In this study, we failed to observe paclitaxel-induced activation of NFκB and expression of NFκB-targeted survival genes (COX-2, Bcl-2, FLIP, XIAP and Bcl-xL). This discrepancy with other studies can be explained with the relatively short incubation time (48 h) of paclitaxel used in this study. In fact, paclitaxel-resistant cells could be developed by longer exposure of the parental cell lines to paclitaxel (3-5 month) and these cells have much higher levels of nuclear NFκB than the parental lines (Supplementary Figure 4 , available at Carcinogenesis Online). In contrast, tectorigenin significantly suppressed the transactivation of NFκB in both MPSC1 and A2780 cells. This is the first report to show that tectorigenin has inhibitory activity on NFκB signaling in cancer cells. Notably, inhibition by tectorigenin alone was not enough to induce apoptosis in # P < 0.05 compared with the untreated group and *P < 0.05 compared with pcDNA (vector only)-transfected group. (B) The nuclear levels of NFκB (p65 and p50 subunits) were measured using specific antibodies. Proliferating cell nuclear antigen was used as the internal control for the nuclear fraction. (C) The phosphorylation of IκBα and IKK was measured by western blotting. β-Actin was used as an internal control. The data are representative of three different experiments.
Tectorigenin as a chemosensitizer for ovarian cancer paclitaxel-resistant ovarian cancer cells. However, the combination of paclitaxel with tectorigenin significantly inhibited cell growth in paclitaxel-resistant ovarian cancer cells. NFκB is a dimer composed of p65 and p50 or p52 subunits and is located in the cytoplasm, where it is held by its endogenous inhibitor IκB. NFκB activation requires the degradation of its natural inhibitor IκB, which depends on IκB phosphorylation by the IKK complex and its subsequent ubiquitination and degradation by the proteasome, allowing NFκB nuclear translocation, binding to DNA and the activation of expression of several genes required for cell survival and antiapoptosis. Paclitaxel alone did not change the phosphorylation of IκB but slightly increased the activation of IKK. In contrast, tectorigenin alone significantly inhibited the phosphorylation of both IκB and IKK. Thus, the combination-induced/decreased level of IκB and IKK phosphorylation may be due to the inhibitory effect of tectorigenin. Furthermore, these data indicate that the negative regulation of the NFκB pathway by the combination is mediated, at least partly, through the suppression of the IκB degradation and phosphorylation in paclitaxel-resistant ovarian cancer cells.
The PI3K/Akt signaling pathway is now accepted as being at least as important as the ras-mitogen-activated protein kinase pathway for cell survival and proliferation, and hence its potential role in carcinogenesis is of immense interest. In ovarian cancer, it is becoming increasingly clear that the PI3K signaling pathway plays a major role in the regulation of cell proliferation, apoptosis, differentiation, tumorigenesis and angiogenesis (50, 82, 83) . PI3K and its direct downstream effector Akt are involved in the various aspects of cancer through the regulation of multiple downstream signals, among which the NFκB pathway is one of the most frequently mentioned targets. It is now well recognized that the PI3K/Akt pathway, regulating NFκB activation through an IKK-dependent mechanism, is heavily involved in keeping tumor cells alive by blocking apoptosis. In this study, the PI3K/Akt pathway was involved in the combination-induced cell death and the negative regulation of the IKK/IκB/NFκB pathway. In fact, the phosphorylation pattern of Akt by each single agent and their combination was very similar to that of IKK. These data suggest that Akt acts as an upstream regulatory factor of IKK, invoking the effect of tectorigenin in augmenting paclitaxel-induced cytotoxicity and apoptosis. It is of note that Akt-Myr overexpression only partially reversed the tectorigenin-paclitaxel-induced NFκB activation and cell death. These observations suggest the possibility that a signaling pathway other than Akt might be involved in the regulation of NFκB by the combination. In addition, the NFκB pathway might not be the only pathway for the action of paclitaxel, because the inhibitory effect of paclitaxel and tectorigenin was greater than that of paclitaxel and well-known NFκB inhibitors such as Bay11-7082, BMS-34551 and MG132 (Supplementary Figure 5 , available at Carcinogenesis Online). Further molecular study is required.
Ovarian carcinoma remains one of the most lethal female malignancies and the fifth most common cause of cancer death in women. This high mortality is usually ascribed to the failure to detect ovarian cancer at an early stage and the lack of effective therapies for late-stage cancers. Today, the standard therapy for advanced ovarian carcinoma consists of extensive surgical resection followed by paclitaxel/carboplatin combination chemotherapy. Although advances in surgery and chemotherapy have resulted in improved outcomes, 60-80% of patients with advanced disease relapse and die of complications related to the recurrent tumors (84) . The development of resistance to the chemotherapeutic regimen of paclitaxel plus carboplatin represents a major barrier to the long-term efficacy of ovarian cancer treatment. Therefore, it is urgent to understand the mechanisms underlying the development of resistance to chemotherapeutic agents and to develop novel drugs that re-sensitize tumor cells. Overall, the results presented here suggest that tectorigenin may enhance paclitaxel cytotoxicity against ovarian carcinoma cell lines by increasing the activation of caspase, leading to decreasing the NFκB and Akt pathway. The combination of paclitaxel and tectorigenin may provide a therapeutic benefit against paclitaxel-resistant ovarian cancers.
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